To analyze the antioxidant effects of cacalol we determined its reactivity with different reactive oxygen species (ROS). Cacalol gave rise to cacalone by a specific site reaction with a hydroxyl radical. Singlet oxygen reacted only with the double bond of the furan ring, causing its rupture. On the other hand, ozone reacted with all double bonds in cacalol affording 2-methylhexanedioic acid as an end product. No reaction was observed with either superoxide or hydrogen peroxide. The potential antioxidant effect of cacalol as a scavenger of hydroxyl radical and singlet oxygen could be related to its function in the plant roots.
There is increasing evidence that several constituents of fruits, vegetables and some plants impart a number of health benefits [1] . Therefore, interest in determining these bioactive compounds has increased in recent years. Many of these compounds have been extensively studied for their antioxidant activity, a biological function that is important in keeping the oxidative stress level below the critical point. Antioxidants are a special group of compounds that neutralize or quench free radicals and other reactive oxygen species (ROS) that are generated in the body.
Free radicals and ROS are highly reactive and unstable chemical species. They are generated during normal metabolism; however, some abnormalities can skew the balance to a point when harmful free radicals are not neutralized by the body's defense mechanisms.
The intake of antioxidant-rich diets has been associated with reduced incidence of chronic diseases such as cancer and cardiovascular illnesses. Many polyphenolic compounds of plant origin, particularly the flavonoids, have been found to possess strong antioxidant activity [2, 3] .
Cacalol (1) and cacalone (2) are the main constituents of the n-hexane extract of Psacalium decompositum (A. Gray) H. Rob. & Brettell (Asteraceae) (Matarique) roots [4] . Although both have been described as natural antioxidative compounds, cacalol possesses the highest antioxidant activity [5] . It has been demonstrated that under regular environmental conditions [6] and by sensitized photo-oxidation [7a] , cacalol can be auto-oxidized to cacalone.
In traditional Mexican medicine these roots have been used widely due to their hypoglycemic effects [7b] . In order to continue our studies on cacalol (1), a sesquiterpene with hypoglycemic activity [8] , we have improved our methods to extract it in higher concentration from its natural sources. In this work, we describe the chemical behavior of 1 in solution with different reactive oxygen species (ROS), such as hydroxyl radical (·OH), singlet oxygen ( 1 O 2 ), and ozone (O 3 ) generated in situ. The reactions studied in the present work may enhance our understanding of the behavior of these secondary metabolites in the presence of specific highly reactive oxygen species, as well as the possible mechanisms occurring in vivo.
When an acetone solution of cacalol was left at room temperature to evaporate the solvent, cacalol was transformed to cacalone. TLC (n-hexane:EtOAc, 8:2, v/v) confirmed the presence of this compound. To know which ROS is involved in the auto-oxidation of cacalol, different reactions were studied. First, oxygen was bubbled into an acetone solution of cacalol; however, there was no change in the compound, even after vigorous agitation in an open container.
Under normal environmental conditions, hydroxyl radicals are generated in low concentrations [9a] . To increase the concentration of this ROS in the solution, a Fenton reaction [9b] was used. The reaction was followed by TLC. After chromatographic separation, two product mixtures were obtained: cacalone epimers (2, Figure 1 ) and compound 3, identified as a mixture of epoxides. All compounds were identified from their NMR, IR and mass spectra. According to these results, compound 1 can act as a scavenger of hydroxyl radicals. The formation of the cacalone epimers (2) can be explained through the formation of an intermediate radical 5 (Figure 2 ), previously described [4b] in a study on the electrochemical properties of 1. The hydroxyl radical approach is from both sides of carbon 4.
The reaction with singlet oxygen showed interesting results. This ROS was generated by bubbling oxygen into an acetone solution of cacalol and using methylene blue as a photosensitizer in the presence of light. During the reaction, the furanic double bond was broken by 1 O 2 to form compound 6 ( Figure 3) , with a loss of a carbon dioxide molecule. Similar behavior has been described for some benzofurans in the presence of singlet oxygen [9c]. Romo et al. [10a] describe the presence of compound 6 in a controlled ozonolysis reaction of cacalol acetate and subsequent hydrolysis of the acetate. However, when cacalol was subjected to ozonolysis under our conditions, the double bonds of the molecule were oxidized and the cyclohexane ring was opened to give product 7, identified by NMR spectroscopy as dicarboxylic 2-methylhexanedioic acid ( Figure 3 ). Figure 4 shows the kinetics of the reaction between cacalol (1) and 1 O 2 . Two NMR peaks were followed during the reaction: a decreasing signal at δ 7.20 (1, H-2) and an increasing signal at δ 10.99 (6, -OH) (Figure 2 ). These results demonstrate that compound 1 is a good scavenger of singlet oxygen. In order to obtain further information, compound 1 was reacted with the superoxide anion-radical (O 2 · -), generated in situ with DMSO/NaOH [10b]. However cacalol remained unchanged.
The photosynthetic electron transport system is the major source of active oxygen in plant tissues rich atmosphere. Singlet oxygen has been shown to rapidly kill cells in many biological systems [11a] . Due to its action as a singlet-oxygen quencher and scavenger of hydroxyl radicals, cacalol may help in maintaining the equilibrium during oxidative stress, thus protecting plants against free radical induced damages. This work demonstrated that under regular environmental conditions, the auto-oxidation of cacalol to cacalone is favored not only by singlet oxygen, as had been proposed [7a] , but also by the presence of the hydroxyl radical (·OH). Thus, the chemical behavior of cacalol to the ROS can help us to understand the biological role of an antioxidative, natural compound in response to destructive oxidative reactions and demonstrates the potential use of these compounds.
To conclude, we want to mention that Dr Pedro Joseph-Nathan and Dr J. Romo were the first scientists to begin the study of these compounds in the late 1960s. Their work has motivated us to continue exploring the potential of these secondary metabolites. We remain in debt to this wonderful scientist for the rich inheritance in the natural products and NMR fields.
Experimental
Roots and rhizomes of P. decompositum were acquired from the Sonora Herbal Market at Mexico City (Herbarium IMSM-Voucher Specimen 11489). Melting points were determined on a Fisher-Johns Instrument and are not corrected. A Nicolet FT-IR 55X spectrometer was used to record the IR using chloroform as solvent. NMR spectra were acquired in a Varian Gemini-2000 and Varian VXR-300S at 1 H frequencies of 200 and 300 MHz. The samples were dissolved in CDCl 3 and DMSO using TMS as an internal reference. MS were registered using a Hewlett-Packard 5985-B (70 eV) mass spectrometer. Reaction development and compound purity were followed by TLC (GF-254) with n-hexane:EtOAc (8:2, v/v) as development solvent, and ceric sulfate (1% in sulfuric acid 2N) and UV light to visualize the spots. The reactor illumination used a lamp with a 500 W filament (Sylvania, USA).
Extraction and purification of cacalol (1): Cacalol (1) was extracted with light petroleum from Psacalium decompositum roots according to protocols previously described [4] . The compound was identified from its TLC, spectroscopic (IR, Reaction of cacalol with singlet oxygen: To a solution of 100 mg of cacalol (1, 0.43 μmol) and 5 mg of methylene blue in 50 mL acetone in a 200 mL reactor was bubbled oxygen, with stirring, at 0 o C. A 500-watt lamp was placed 5 cm from the reactor for 2 h. The reaction gave 91.5 mg of compound 6 (90%) (Figure 3 ).
The kinetics of the reaction were followed by taking a sample every 30 min. The samples were analyzed qualitatively by TLC and quantitatively by 1 H NMR spectroscopy (Figure 4 ). Reaction of cacalol (1) with the superoxide radical: Cacalol (50 mg) was dissolved in 20 mL of alkaline-DMSO (DMSO 99%/NaOH 1%) and the reaction was kept at room temp. for 5 h. The reaction was monitored by TLC, but no changes were observed.
Reaction of cacalol (1) with ozone (O 3 ):
The reaction was conducted in an electric ozone generator based on an electric arc [Ozonator (The Welsbach Corporation, Philadelphia, USA)]. Cacalol (150 mg) (1) was dissolved in ethyl acetate and ozone was generated and bubbled through the solution until saturation at -70 o C (dry ice/acetone). The color of the solution changed to strong blue and the excess ozone was eliminated by bubbling nitrogen. The solvent was evaporated to dryness under reduced pressure, and the products were purified by preparative TLC. Only one product was obtained, in very low amount, and identified by NMR and IR spectroscopy and MS as 2-methylhexanedioic acid (7) [10a] .
